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Age estimationAbstract Technological advancements in forensic imaging have had tremendous flow-on benefits
to the professional practice of forensic anthropology, not only in respect of case-work analyses, but
in facilitating empirical research that has validated and/or improved existing, and introduced novel,
methods into the discipline. Some of the pioneering practical examples of radiographic imaging
being applied in the forensic analysis of human skeletal remains date to the initial introduction
of radiography in the late 19th and early 20th centuries. Subsequent modern applications have
developed concurrent to the use of computed tomography in the forensic morgue for autopsy pro-
cedures by pathologists; virtopsy (as it is now termed) represents a powerful non-invasive supple-
ment/alternative to traditional autopsy practices where dissection may not be allowable due to
religious objection (amongst other reasons). The present review considers a brief history of skeletal
radiographic imaging and the specific modalities typically employed. Forensic applications of ‘vir-
tual anthropology’ are then discussed, as are applications of the latter in DVI and other case-work
scenarios. Throughout the review we emphasise the research importance of virtual modelling and
conclude with some thoughts for future directions.
 2016 The International Association of Law and Forensic Sciences (IALFS). Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Deeply rooted in physical anthropology, the cognate discipline
of forensic anthropology, based on the application of theory
and method from the former in a medico-legal context, hasevolved considerably over the course of the last half-century.
The discipline as it now stands is very different to the one first
admitted into the American Academy of Forensic Sciences
(AAFS) as a recognised section in 1972 – then it was known
as the ‘physical anthropology’ section, which was amended
to ‘Anthropology’ in 2013.1–3 Irrespective of the considerable
evolution of the forensic anthropological discipline, its core
basic functions still remain largely unchanged, that is to facil-
itate estimations of biological attributes towards ascertaining
identity in unknown human remains (both living and
deceased). Determinations of human origin also continue to
be a task frequently referred to the anthropologist, in addition
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ogy, most frequently at behest of the forensic pathologist
working within a coronial system.
Recent publications in both leading international journals
and books from reputable publishers clearly highlight diversity
and technological advancement in the practice of forensic
anthropology, but also the solidification of inter-disciplinary
approaches relevant to answering questions of an anthropolog-
ical nature. Molecular and bone chemical approaches are able
to assist in the determination of sex,4–6 age,7 likely ancestry,8
and even geographical provenancing,9,10 not to mention the
potential identification of disease and/or other illnesses.11,12
When available and practical (e.g. there are limitations in
relation to expense and expertise required) the latter all have
obvious investigative power. There are other interesting
advancements, especially in relation to the use of medical imag-
ing modalities to either enhance, or as a substitute for, the direct
physical analysis of bone specimens. Whilst it is legitimate to
indeed argue that radiographs are not anything new nor novel
(having been first discovered in the late 19th century13), the
manner in which they are now obtained and processed (e.g.
multi-detector computed tomography) and the computer soft-
ware available for the visualisation and analysis of those struc-
tures, sits at the cutting edge of technological innovations being
developed for medical and forensic applications alike.
In considering the purpose and scope of the present review,
it is perhaps now opportune to revisit the development and
application of novel visualisation approaches in the forensic
medical disciplines and consider their impact in the specific
field of forensic anthropology. To achieve the latter, the
research foundations of virtual anthropology will be discussed,
in addition to its present multi-faceted applications; we con-
clude the review with some remarks on the future of virtual
anthropology in the forensic sciences.2. A brief history of skeletal radiographic imaging
2.1. Modalities using ionising radiation
2.1.1. Radiography
The inception of non-traditional applications of virtual tech-
nology occurred in the early 20th Century when paleoanthro-
pologist Gorjanovic-Kramberger14 used newly discovered
X-ray technology to investigate the internal bone structure of
the Kapina Neanderthals in an attempt to determine specimen
age; remarkably this occurred only eight years after the discov-
ery of X-rays by Wilhelm Roentgen in 1895. The development
of radiographic techniques allowed researchers to visualise the
internal structure of remains without the requirement for dis-
section, which importantly is non-destructive to the specimen
of interest (whether living or deceased); this was previously
unachievable using traditional morphological approaches.
Furthermore, studies utilising X-ray technology were less
arduous (e.g., time consuming; labour intensive) and thus facil-
itated research projects that involved a larger number of spec-
imens than previously possible; this not only generated novel
insights, but also concurrently increased the quantitative value
of the associated research output(s).
This breakthrough initiative, combined with a growing
awareness of its importance and applications in the medicaland allied sciences, foreshadowed the use of radiography
throughout the disciplines of archaeology and physical anthro-
pology for the specific purpose of investigating fossilised skele-
tal material of early hominids – a topic of great scientific (and
political) interest in the late 19th century to the present
day.15–17
Whilst X-ray technology allows the non-invasive investiga-
tion of the internal structure of fossils and bones, its applica-
tion is not without caveats. The technique discharges
electromagnetic radiation and depending on the structure
and density of the object, a variable proportion of X-ray par-
ticles are absorbed before passing into a radiation sensitive
film. The resultant image is a two-dimensional superimposition
of the internal structure of the object.18 When fossilised
remains are subjected to X-ray imaging however, the matrix
in which they are embedded can often distort the image, espe-
cially if the sediment is of a similar density or more radio-dense
than the surrounding skeletal tissue. Spoor, Jeffery and Zonn-
eveld18 thus suggest that plain film radiography is most appro-
priately suited for application in postcranial skeletal elements19
and the dentition.20
With specific reference to questions of a medico-legal nat-
ure, Culbert21 is amongst the first documented example of
the application of radiography for victim identification. The
case reports on a man who was positively identified based on
a series of cranial ante-mortem X-rays taken as part of chronic
sinusitis treatment. Those radiographs were compared to post-
mortem X-rays taken of the remains and supposedly unique
characteristics were matched. This use of X-rays for the pur-
pose of personal identification highlighted the potential value
of virtual technologies within the field of forensic science.
A transition from film to filmless (or digital) radiography
began in the 1980s with the increased ‘domestication’ of com-
puters in the laboratory and/or home office context. Film
radiography is generally more expensive, time consuming
and less manipulable (in terms of contrast) than its digital
counterpart.13 One of the advantages of digital radiography
is the relative ease of data storage. With the latter new medium
came an associated management system for electronic data;
Picture Archiving and Communication Systems (PACS data-
bases) that are readily accessible by clinicians and researchers
alike.13,22
2.1.2. Computer tomography
Efforts to correct distortion and superimposition factors, and
improve the versatility of radiographic techniques when
applied to more complex bone structures, occurred throughout
the 1970s and 1980s in the form of pluridirectional tomogra-
phy. This technique requires both the X-ray film and source
to move in opposing directions during exposure, thus causing
erroneous details to become distorted, and only the focal point
of the investigation (i.e. the piece of anatomy under investiga-
tion) to become clearer and sharper.18
As for previous radiographic approaches, computerised
tomography was developed as a medical diagnostic tool, how-
ever its use within the field of forensic anthropology has since
become comprehensive and significant (see below). CT scan-
ning is a form of tomography (imaging using sections) that is
a combination of multidirectional X-ray images, computer
processed to produce cross sectional images of a desired
object.23 Specimens can, therefore, be viewed as 2D, or as a
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CT scans focused on the use of 2D images as a means of inves-
tigating multiple morphological features, whilst more contem-
porary studies utilise multi slice 3D images (MSCT).
For the medical profession multi slice CT was a break-
through allowing 3D, and then 4D, visualisations. Manufac-
turing enhancements focus on increasing the number of slices
per rotation (e.g., 4, 16, 256, 320), enhancing axial resolution,
improving scan speed, and more recently, lowering radiation
dosage.24,25 Many hospitals now routinely utilise a 64-
detector row helical scanner, however radiation exposure can
be reduced by up to 90% with a 256-slice CT scanner, or even
more using the latest 320-detector row volume scanner (from
35.4 mSv to 4.4 mSv respectively). The 64-row machines can
image 4 cm at a time whereas the 320-row unit facilitates
16 cm in one rotation.
Within the contemporary field of forensic anthropology,
more advanced virtual modalities have been employed to meet
the needs of increasingly sophisticated investigative
approaches. One of the first studies utilising CT technology
was Jungers and Minns26; this investigation aimed to demon-
strate the benefit of using CT imaging for determining struc-
ture, function and biomechanical properties of fossilised
hominid skeletal elements. The tibia and femora of two extinct
Prosimians were compared to the morphology of one Homo
sapien. That study utilised 2D scans to elucidate structural dif-
ferences between the two specimens, as well as showing how
the visual technology could be used to distinguish between
matrix and bone. Similar studies capitalising on the newly
identified potential of CT scanning for skeletal investigations
continued throughout this time, with 2D images being the
basis for most of those studies.27–29
The evolution of virtual technology continues to the present
day, with multi slice 3D rendered CT scanning readily avail-
able to most forensic anthropologists, especially those attached
to a forensic morgue. The advantage of such technology is that
size and shape information can be determined and therefore
the application of this technology can be further reaching than
simple 2D CT scans (see below). Another advantage of 3D
MSCT scans is the availability of large digital imaging depos-
itories. Previously, in order to quantitatively assess the accu-
racy of existing anthropological methods and/or to formulate
new standards, documented human skeletal collections were
accessed; however with the availability of large digital samples
this requirement is changing.
Numerous examples exist in the published literature
demonstrating the use of MSCT as an alternative to physical
skeletal collections.30–32 The main limitation of radiography
is still the same inherent risk in the application of computer
tomography; radiation is harmful to the living and in those
instances any scanning should be limited in order to reduce
exposure. A retrospective study of 10.9 million people who
underwent CT scanning in the Australian health system
between 1985 and 2005 suggested that the estimated average
dose per scan was 4.5 mSv.33
Patients who undergo repeated scanning risk developing
secondary cancers attributed to irradiation.33,34 The concept
of ALARA, keeping ionising radiation ‘as low as reasonably
achievable’, was coined in order to manage patient safety.35
This can be achieved in several ways, including reducing image
quality and opting for the most appropriate modality, proto-
cols and technology for the examination required.36,37 Radia-tion from ionising imaging can range from 0.06–0.25 mSv
(chest X-ray) and 0.3–0.55 mSv (low dose CT), to 3–27 mSv
with conventional parameter CT scanning.38,39 This compares
to exposure to background iodising radiation from natural
sources (air, earth and food) that in Australia equates to an
average of 1.5 mSv per year,40 2.4 mSv in Germany38 and
3.1 mSv in the United States.41 These are considered to be
harmless levels of radiation; exposure to doses over 10 mSv
may lead to long term health issues.40 The US National Radi-
ation Council set an annual public dose limit of 1 mSv.41
For the virtual anthropologist, the consequence of narrow-
ing protocol parameters is that scanned images available for
identification comparisons or research may not be optimised
for skeletal examination. Nevertheless, the validity of deriving
biological data (e.g. linear measurements, morphoscopic obser-
vation; geometric morphometric landmark configurations) in
3D MSCT scans as a substitute for physical skeletal collections
has been empirically demonstrated by Franklin, Cardini et al.42
and Lorkiewicz-Muszynska et al.43 In both instances the use of
MSCT scans was found to be comparable to that of physical
specimens in terms of the accuracy and precision of the mea-
surements acquired. Franklin et al.42 found that traditional
measurements acquired in the physical specimen (compared
to a MDCT scan of the same) were slightly more precise, but
overall the differences between the two methods of assessment
were negligible. Whilst Lorkiewicz-Muszynska et al.43 con-
cluded that 3D measurement was ‘‘reliable for any measure-
ments within the skull”; thus demonstrating the legitimacy of
MSCT scans for anthropological assessment and research.2.2. Non-ionising imaging modalities
2.2.1. Sonography
Sonography is a non-ionising medical imaging technique that
utilises high frequency sound waves to visualise internal struc-
tures within the body and accordingly it is often referred to as
ultrasound. Medically it is used as an alternate to ionising
imaging modalities, as it does not involve potentially harmful
radiation.44 The use of ultrasound for forensic anthropological
investigation is not as extensive as that of ionising technologies
(e.g., radiography and CT), there are however, some published
examples (particularly for age estimation of living individuals)
that advocate the use of non-ionising techniques; these are
considered below.
Schulz, Schiborr, Pfeiffer, Schmidt and Schmeling45 investi-
gated ossification of the medial clavicular epiphysis of 616 liv-
ing individuals based on sonographic visualisations. Their
study demonstrated that it was possible to use that modality
to classify age based on the ossification status of the medial
clavicle; importantly the determination of legal culpability
could be achieved using that technique. Similar studies
designed to facilitate age estimations towards potentially
resolving judicial questions have been undertaken using the
same imaging modality; for example quantification of fusion
of the iliac crest apophysis46 and also to determine the
sequence and timing of ossification in the olecranon.47
It is important to note that there are some inherent disad-
vantages of sonography for the visualisation of cartilaginous
and/or bone structures, mainly in relation to its limited pene-
trative power, thus resulting in reduced image quality in deeper
structures or in muscular patients.48
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Magnetic resonance imaging (MRI) is another non-ionising
technique available for forensic analysis, however the use of
this particular technology is much less extensive compared to
ionising approaches, and it is more frequently applied in cases
involving living individuals. The primary reason for the latter
relates to the ethics of exposing living individuals to potentially
harmful radiation associated with ionising techniques (see
above). Hillewig, De Tobel, Cuche, Vandemaele, Piette and
Verstraete49 acknowledge that the use of radiographic exami-
nation for cases involving asylum is prohibited in certain coun-
tries due to the exposure to radiation. Therefore, the use of
non-ionising techniques (MRI) is preferable. There have been
a number of studies published that demonstrate the practical-
ity of using MRI in a forensic context, primarily in relation to
the estimation of skeletal age, and for the specific purpose of
the determination of legal culpability; a small selection are
briefly considered below.
Hillewig, De Tobel, Cuche, Vandemaele, Piette and Ver-
straete49 demonstrated the potential of MRI for assessing
skeletal age based on the development of the medial clavicle;
a total of 121 individuals were evaluated using both MRI
and plain radiographic approaches. This study demonstrated
that both imaging modalities could be used to estimate skeletal
age based on the assessment of development in the medial clav-
icle. It was noted that MRI provided images that were rela-
tively easier to assess compared to plain radiographs; 68.7%
of PA radiographs were determined to be of sufficient clarity
for analysis, whereas 97.5% of oblique radiographs could be
assessed, compared to 99% of the MRI images. Hillewig, De
Tobel, Cuche, Vandemaele, Piette and Verstraete49 also note
that MRI images have a low level of difficulty associated with
estimating age, compared to moderate difficulty associated
with both radiographic techniques. The results of this investi-
gation thus highlights the potential use of MRI for assessing
age in living individuals without the need for exposure to dele-
terious ionising radiation.
The application of skeletal visualisation using MRI is also
demonstrated by Dedouit, Auriol, Rousseau, Rouge, Crubezy
and Telmon50, who investigated epiphyseal fusion in the knee
joint (distal femur, proximal tibia and patella). The aim of that
study was to provide an approach whereby skeletal age could
be estimated in adolescents and young adults for the specific
purpose of determining legal culpability. It was shown that this
modality was a practical option for estimating age in individ-
uals less than 25 years of age.3. Forensic applications of virtual anthropology
3.1. Age estimation in the living
A contemporaneous application of virtual anthropology
involves the assessment of age in living individuals for the pur-
poses of assessing criminal responsibility and also in cases of
alleged violations of human rights (e.g., human trafficking
and asylum seekers). This is achieved through the quantifica-
tion of skeletal development and maturation via radiographic
scans of different body regions.51 Since the purpose of these
investigations is largely to determine age of legal culpability,
the individuals assessed are usually late adolescents or youngadults; age can, therefore, be assessed with a higher degree
of accuracy than that of skeletally mature individuals. Three
main areas of the skeletal system are generally assessed, either
collectively or in isolation: dentition; the hand–wrist complex;
and the medial clavicle.
3.1.1. Dentition
Dental radiographs (e.g., plain film/digital Orthopantomo-
gram (OPG’s), and more recently MDCT) provide the frame-
work for the most accurate methods of estimating dental age in
living individuals. This is largely because development of the
dental structures commence in utero and their developmental
pathway is largely unaffected by extrinsic factors that would
otherwise cause a cessation (delay) in skeletal growth (e.g.
nutritional insults, poor general health, disease and illness).52
Dental development thus generally occurs in a uniform man-
ner that can be used as a means of estimating age. It is obvious
that radiography of the dental structures is essential to
visualise tooth formation occurring within the alveolus of the
jaws – to simply rely on observations of gingival eruption
may result in a broader age range associated with a higher
degree of prediction error.
Historically there has been reliance on composite visual
atlases that illustrate developmental milestones of the decidu-
ous and permanent dentition.53–55 Atlases provide radiographs
showing dental development initially according to three to six
month increments, and then as age progresses, larger intervals
that span year(s). The development of the permanent dentition
is comparable to that of the deciduous during each stage, in
relation to gingival eruption, root development and (finally)
apical closure. Dental age estimations are performed by com-
paring radiographs of the dentition of an unknown individual
to representative age stages in the atlas. The latter approach
has, however, been criticised for its subjectivity in stage
assignation and lack of statistical robustness of the final age
estimate. More recent approaches involve scoring the develop-
ment of individual teeth – those scores are then used to derive a
statistically quantified estimation of age based on population
specific regression formulae.
A sophisticated example of non-invasive age-estimation was
initially developed by Kvaal, Kolltveit, Thomsen and Sol-
heim56, who demonstrated that measurement ratios between a
tooth and its pulp cavity is significantly negatively correlated
with age; the most accurate regression equations included three
maxillary and three mandibular teeth (r= 0.76; SEE=
8.6 years). Variations of this method have been developed in
a number of global populations, including Australia57 and
Turkey.58 The Turkish study examined 114 patients aged 17–
72 years and produced regression equations comparable in
accuracy (SEE=±6.75; R2 = 0.67) to the original stan-
dard.58 Karkhanis, Mack and Franklin57 produced regression
formulae based on measurements from 279 digital OPGs. Stan-
dards based on an Australian (and arguably more heteroge-
neous) population did not replicate the high accuracy of the
original study, although the level of accuracy achieved in that
population is still higher than conventional skeletal morpho-
scopic methods. Multiple regression models using 12 predictors
(including the mean value of all ratios (M), mean value of
length ratios (L), and the difference between width and length
(W  L) – selected from six teeth - incisor, canine and premo-
lars) were most accurate (SEE ± 7.963 years). The study also
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accurate estimations of dental age than the mandibular teeth
(SEE± 9.367 and ±10.222 years respectively).57
In addition to the morphoscopic dental comparative
approaches described above, there are published methodolo-
gies involving the quantitative measurement of dental struc-
tures. For example, Cameriere, Ferrante, De Angelis,
Scarpino and Galli59 devised an approach for quantifying
the timing of the closure of third molar apices. This study
examined 906 individual radiographs of third molars of Italian
individuals – the specific aim was to assess whether age could
be reliably estimated. Based on the calculation of the third
molar root index, these authors demonstrated correct classifi-
cation of age in 83% of the cases examined. Subsequent suc-
cessful validation of that method has been described in a
number of other global populations e.g., Albanian60; Turk-
ish61; and Indian.62 The importance of the radiographic
approach utilised in this method is that it facilitates a non-
invasive assessment in the living.
There are other established radiographic dental morpholog-
ical attributes that are quantifiable towards facilitating an esti-
mation of age. Olze, Solheim, Schulz, Kupfer, Pfeiffer and
Schmeling63 used this approach specifically for investigating
mineralisation of the third molar. A total of 1198 dental radio-
graphs were examined and assessed to be within one of four
stages:
(1) Periodontal ligament visible along the full length of the
tooth;
(2) Periodontal ligament is visible in one rot from apex to
more than half of the root;
(3) Periodontal ligament is visible along the full length of
one root and along part of the root in the second root;
(4) The periodontal ligament is visible along both roots.
The results of this investigation indicate that the youngest
individuals assigned into Stage Two was 22 for males and
22.5 years of age for females, whilst Stage Three was first
attained by at 25 and 24 years of age for males and females
respectively. This method was, therefore, shown to be useful
in determining legal age of responsibility.
3.1.2. Hand wrist
Similar to the morphoscopic approach described for the denti-
tion, radiographic atlases of the hand and wrist are available in
the published literature. One of the more commonly applied
(although less so in modern practice – see below) is the
hand–wrist atlas of Gruelich and Pyle64, which is based on
the analysis of samples originally compiled by Todd65 for the
Brush Foundation Growth Study. There has been considerable
doubt around the use of hand–wrist atlases for the determina-
tion of age for evidentiary purposes; see Franklin, Flavel,
Noble, Swift and Karkhanis51, especially in relation to the
determination of adult status, for which it is biologically
unreasonable (due to variation in developmental timing) to
base an age estimation solely on the bones in the hand–wrist
complex.66 These atlases, comprising anterior–posterior
hand–wrist radiographs, visually represent skeletal maturation
from birth through to 19 years of age. During periods of more
rapid skeletal development (e.g. juveniles aged birth to two
years) radiographs are provided every three to six months;between the ages of five and 19 years of age, there is only
one example radiographs per year (with a supplementary
example at 13.5 years for females, and 15.5 years for males).
Age is then predicted based on the level of skeletal maturation
present – an unknown anterior–posterior radiograph is com-
pared to the reference standards of the atlas; the preferred
approach is to assess bones distally from the radius and ulna
until the closest match is found.
A similar approach, albeit based on assessing individual
bones in the hand–wrist and collectively using that data to for-
mulate an estimate of age, was first proposed by Tanner,
Whitehouse and Healy67 and subsequently revised in the
TW268 and TW369 versions. The Tanner-Whitehouse methods
have found more common acceptance in the forensic commu-
nity, largely because of the more reliable assessment approach
and their associated statistical quantification of the derived
estimates.66,70
The latest research has essentially examined the same mor-
phological attributes, but with the employment of more mod-
ern visualisation and statistical approaches. Cameriere,
Ferrante, Mirtella and Cingolani71 quantified the mineralisa-
tion of the epiphysis of both the radius and ulna (Bo) as a ratio
over the mineralisation of the carpal area (Ca) (the area occu-
pied by all of the carpal bones of the wrist) as an indicator of
age. The study assessed plain film X-rays of 150 subadults
between the ages of 5 and 17. The standard error of the esti-
mate was ±1.19 years, whilst the residual error was found to
be 0.08 years, thus demonstrating that the accuracy of this
method of assessment is comparable to the FELS and the
TW3 methods.
3.1.3. Medial clavicle
Conventional 2D radiographs were initially used to as a tool
for estimating age using the ossification of the medial clavicle.
Schmeling, Schulz, Reisinger, Muhler, Wernecke and Geser-
ick72 designed a study in which individuals of German ancestry
were subjected to radiographic evaluation according to five
stages of ossification. The stages assessed span the non-
appearance of the medial epiphysis (Phase 0), through to its
complete fusion without any trace of a scar (Phase 5):
(1) Ossification centre not yet ossified;
(2) Ossification centre has ossified, epiphyseal cartilage has
not ossified;
(3) Epiphyseal cartilage is partially ossified;
(4) Epiphyseal cartilage completely ossified epiphyseal scar
visible;
(5) Epiphyseal cartilage is fully ossified with no evidence of
epiphyseal scar.
A total of 873 radiographs were assessed in individuals
between the ages of 16–30 and assigned to one of the above
stages based on ossification status. The minimum age of indi-
viduals assigned into Stage Four were 21 and 20 years for
males and females respectively, whilst 26 was the minimum
age of assignation into Stage Five (complete fusion). The
results of this study accord with previous research by Ji,
Terazawa, Tsukamoto and Haga73 who investigated the same
ossification centre using physical specimens, thereby indicating
the utility of such technology. The following year a follow up
study74 was conducted utilising 629 CT scans in place of tradi-
36 D. Franklin et al.tional radiographs. The results of this investigation demon-
strated similar results, with the minimum age for assignation
into Stage Four was 22 years for both sexes, and for completed
ossification (Stage Five) it was 22 years for males and 21 years
for females (mean age of 27 years for both sexes for Stage
Five).
A number of validation studies have been subsequently
published, utilising both traditional plain X-ray and CT scans.
Franklin and Flavel75 evaluated multiple detector computer
tomography (MDCT) medial clavicle scans of 388 individuals
in order to assess the reliability of Schmeling’s method in an
Australian population. The results of the study follow those
of both Schmeling and Schultz; Stage Four was completed
by 21 and 20 years of age in males and females respectively.
Complete ossification without any evidence of a scar (Stage
Five) was occurred at 24 and 25 years of age for males and
females respectively. Therefore it can be concluded that the
use of virtual technology to evaluate the medial clavicle is both
reliable and reproducible.
3.1.4. Summary
The above research in combination represents just a brief over-
view of applications of medical imaging for the specific pur-
pose of estimating skeletal age. It is thus readily evident that
the importance of ‘virtual anthropology’ as a tool utilised to
assist in cases involving determination of criminal responsibil-
ity and potential violations of human rights is firmly
entrenched in the discipline.
3.2. Disaster victim identification (DVI)
Mass death scenarios require the administration of a large
number of victims in varying stages of decomposition and
completeness (e.g., a high degree of fragmentation can be
expected when the cause of death involves explosive forces),
often with limited resources, and under strained conditions
or in compromised and potentially dangerous environments.76
In addition, there is a need to prioritise the safety and security
of survivors, in addition to facilitating the timely disposal of
the deceased, which can be a fine (and often conflicting) bal-
ance between investigatory requirements and religious beliefs.
Many jurisdictions have Disaster Management plans and
access to trained DVI teams77, however the majority of non-
Westernised countries do not have the infrastructure or
resources for such enterprises.78–80 The result of the latter is
that the vast majority of victims are never appropriately
identified.
One such poignant example in recent history is the 2004
South East Asian Tsunami, as a consequence of which an esti-
mated 226,408 people were killed.81 One investigation into the
disposal and identification of victims describes recovery and
storage of remains to be haphazard and prioritised to those
considered foreign nationals or tourists. Furthermore, this
investigation showed that the three largest countries affected
(Indonesia, Sri Lanka and Thailand) undertook victim recov-
ery individually, resulting in varied levels of identification per
country.81 Within Indonesia and Thailand, victim recovery
was performed by the military and non-government specialists
respectively, whilst in Sri Lanka the task was largely left to
individuals within the affected communities. Morgan’s investi-
gation was aimed at evaluating how the dead were disposed offrom within each of the above mentioned countries; the results
indicate that within Sri Lanka, due to a lack of resources;
(particularly in small communities) the largest number of
unidentified individuals were buried within mass graves.
A viable option for a more standardised and effective
approach to DVI may be the mass scanning of all individuals
recovered. Radiographic or CT scanning of remains collected
from disaster scenes is already recommended for primary sur-
vey, and has been suggested as a useful protocol for initial
triage.82,83 To date, however, there is no universal provision
or protocol for the collection, management, and assessment
of CT scans in this context.84,85 Such an approach would allow
bodies to be recorded prior to prompt deposition in order to
safely clear mass disaster scenes. The scans could then be
assessed at a later date, or be electronically distributed to
pathologists, anthropologists and odontologists globally for
immediate virtual autopsy (see Section 3.3 below), simultane-
ously reducing the number of people on the ground that fur-
ther stretch the limited resources available. However, the
latter requires a closely monitored, but unified, international
approach to DVI management and investigation.
An additional complication to identification of deceased
individuals in mass fatality and disaster scenarios is that
human remains can become commingled, both with human
and non-human species.86 It is imperative that prior to any
DNA sampling, odontological or anthropological analysis,
discrete individuals be isolated from any potentially commin-
gled state. Cognisance of any potential commingling and dif-
ferentiation of human from non-human using virtual
modalities has been achieved in mass disaster recovery opera-
tions and is recommended as best practice.82,87,88
An important aspect of virtual anthropology is the identifi-
cation of individuals killed within mass disaster scenarios. The
use of virtual technologies not only aids in the identification of
badly damaged and commingled remains but also allows a
large number of geographically removed practitioners to assist
in the process of identification, thus increasing both the likeli-
hood of obtaining positive identification and also the speed at
which this occurs. The first noted use of virtual technology for
the purpose of identification of individuals involved in a mass
fatality occurred in 1949 for individuals killed during the Great
Lakes liner ‘‘Noronic” disaster. A total of 119 people required
identification following a fire on board the liner. Radiological
assessment resulted in the positive identification of 79 of those
decedents.89 Since this time virtual technology has been
demonstrated to improve the process of mass fatality
identification.
Another more recent example is the Victorian bushfires of
2009.82 A total of 164 missing people who were badly burnt
and commingled required identification. A total of 255 body
bags, containing highly fragmented and commingled remains,
were scanned. Using the derived CT visualisations, two teams
of radiologists worked to separate and then identify the
remains. At the completion of the investigation, 163 individu-
als were correctly identified using a combination of molecular
and anthropological approaches. Using the CT data, skeletal
sex was correctly assigned to 61%, and age to 74%, of the vic-
tims, therefore indicating the value that virtual technology has
in the identification of individuals involved in mass fatalities.
The continued and increased use of post-mortem CT scan-
ning for disaster victim identification is supported by a number
of scientific working groups84,85,90 that propose the inclusion of
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intention is that by standardising imaging technologies and
techniques within DVI, the number of personnel on site can
be minimised and more rapid identification can be facilitated.
3.3. Virtual autopsy
As stated above much of the inception of virtual anthropology
developed from needs within the disciplines of palaeoanthro-
pology and archaeology to investigate fossilised material
in vivo and to visualise landmarks and semi-landmarks not
readily accessible in traditional metric and non-metric analy-
ses. Further developments occurred as a consequence of
increased use of CT scanning as a medical diagnostic tool
and within pathological assessments. The concept of virtual
autopsy developed out of the necessity to increase the use of
virtual technology within the field of forensic pathology.91
One early demonstration of CT scanning for autopsy occurred
when Wullenweber, Schneider and Grumme92 examined six
decedents, all of whom had suffered cranial gunshot injuries,
in addition to 15 patients who had previously been the victim
of gunshot trauma. CT scanning was used to show the impact
of gunshot injuries without autopsy and also to indicate
patients who had previously suffered from such injuries.
The development of this field continued as the need for less
invasive autopsy practices arose. Bolliger, Thali, Ross, Buck,
Naether and Vock93 state that the use of MSCT scanning
and MRI imaging within autopsy impacts on three areas of
pathology:
(1) Detection of osseous lesions – this is of particular impor-
tance for areas of the body such as the face that are often
not routinely dissected;
(2) Foreign object detection – full body scanning quickly
identifies all foreign material as the density between
the two objects differs. This can impact the outcome
of autopsies significantly;
(3) Gas detection – the identification of gas embolisms and
pneumothoraxes is made possible using virtual inves-
tigative tools.
Furthermore, the use of CT scanning (in particular micro-
CT) provides detail of bone surface and also facilitates histo-
logical assessment without the need to dissect or compromise
the evidentiary integrity of skeletal material. This is an espe-
cially valuable tool that allows investigation of badly burnt
and morphologically altered remains.94
The validity of post-mortem CT scanning, as a substitute
for traditional autopsy procedures, was established by Le
Blanc-Louvry, Thureau, Duval, Papin-Lefebvre, Thiebot,
Dacher et al.95 This study compared the outcome of traditional
autopsy practices with that of an assessment based on post-
mortem CT scans, specifically whether PMCT scans would
be effective in identifying fatal lesions on the skeletal system.
PMCT scans were taken of the skull, base of skull, pelvis
and vertebra and assessed for trauma. The results of the inves-
tigation found that there was no divergence between tradi-
tional autopsy procedures and those performed using PMCT
scans thus indicating that PMCT scans were effective at iden-
tifying fatal lesions and could be used as a substitute for tradi-
tional invasive procedures.Perhaps the greatest impact virtual technologies have had
on the field of forensic pathology and anthropology occurs
when considering large-scale death investigations. When disas-
ter victim identification is required, large numbers of medical
practitioners, pathologist and anthropologist are needed to
assess often highly fragmented and commingled remains.
Depending on the location of the disaster this may not always
be practical. Virtual investigative tools allow for geographi-
cally and/or temporary removed colleagues and expert to
assess remains thus increasing the likelihood of positive identi-
fication occurring.90 This information is also stored so that re-
examination and research can be conducted on the remains
once the physical specimens have been interred.
Finally, the use of virtual investigative tools for the deter-
mination of cause and manner of death has been utilised
within countries where religious convictions do not tradition-
ally allow for invasive autopsy procedures. Berkovitz, Tal,
Gottlieb, Hiss and Zaitsev96 describe the process of conducting
both autopsy and virtopsy on Israeli people. Due to religious
convictions only approximately 50% of the population con-
sent to autopsy of the deceased; because imaging technologies
do not breach religious doctrine the use of virtual practices
could improve the likelihood of identifying manner and cause
of death for over half of the deceased. The study96 concluded
that within the subgroup of people willing to allow autopsy
7% of cause of death was directly attributed to virtopsy prac-
tices alone. Furthermore the study reports that without virtual
autopsy practice the cause of death for these individuals would
never have been known.
3.4. Bioprofile
Radiography is traditionally considered a useful, if not essen-
tial, tool in the assessment of skeletonised remains, particularly
for the accurate diagnosis of skeletal trauma and pathology,
and age estimation from the dentition. Increasingly within
medicolegal contexts, a basic biological profile (where age,
sex, ancestry, and stature are assessed) is performed using
CT imaging.90,97,98 In many cases assessment of the virtual
skeleton is performed in the same way as it would on dry bone,
predominantly using morphoscopic methods. A standardised
virtual recording form to complement the Interpol DVI form
has recently been recommended99; suggested image-sets
gleaned from post-mortem CT scans were designed to assist
anthropological examination of an individual (macroscopic
and metric).
CT scanning is a proven reliable modality for dental analy-
sis by medicolegal professionals. Age estimation of sub-adults,
by measuring extracted teeth, has been shown to be no differ-
ent to the same measurements taken from CT scans.100,101 Sim-
ilarly, post-mortem CT scans have proven to be acceptable
alternatives to traditional post-mortem radiographs for com-
parison ante-mortem dental radiographs during the identifica-
tion process by experienced professionals.102 In addition to
macroscopic assessments (direct and indirect), novel methods
for age estimation take advantage of increased visibility of
teeth within the alveolus, in addition to features of the actual
tooth (such as pulp chamber and ligamentous attachments)
afforded by radiographic imaging.63,103–107 These are
continually being evaluated over time and for various
populations108–112 – see also section on population specificity.
38 D. Franklin et al.One of the foundations of identifying human remains by
forensic anthropologists is the development of a biological
profile performed in an attempt to limit the number of poten-
tial matches and thus facilitating positive identification (see
above). Traditionally, estimations for the biological profile
are made via metric and non-metric analyses of physical
skeletal remains, however in the modern era the use of virtual
technologies has also been increasingly utilised for these
purposes.
3.4.1. Peri-mortem trauma
A part of establishing a biological profile includes the assess-
ment of trauma and pathology, which can considerably aid
in reconstructing events surrounding death and also assist in
establishing the positive identification of an individual. This
can be conducted virtually as part of the post-mortem investi-
gation. Numerous examples exist in the published literature
that consider the application of virtual technologies to identify
trauma and pathology during forensic anthropological assess-
ment. For example, Le Blanc-Louvry, Thureau, Duval, Papin-
Lefebvre, Thiebot, Dacher et al.95 showed that radiologists are
able to assess traumatic lesions using both post-mortem CT
(PMCT) and forensic standard autopsy (SA) modalities with
comparable results. The timing of cranial fractures can inform
about events leading up to, as well as the circumstances sur-
rounding, death; importantly peri-mortem trauma must be dif-
ferentiated from post-mortem damage in medico-legal
investigations.
Virtual assessment of peri-mortem trauma has been under-
taken by Fleming-Farrell, Michailidis, Karantanas, Roberts
and Kranioti113 who investigated 31 crania displaying peri-
mortem trauma (hospital scans) and 14 crania with post-
mortem damage (archaeological specimens). Five criteria were
found to statistically distinguish between post- and peri-
mortem traumas; texture, cranial outline, fracture angle, frac-
ture relationship to path of least resistance, evidence of plastic
response and the presence of hinging.113
3.4.2. Ante-mortem pathology and trauma
The assessment of skeletal indicators of healing is a routine
secondary radiographic survey83 and is the most distinguishing
feature that separates ante- from peri-mortem trauma.
Anthropological investigations, whether in archaeological,
humanitarian, or forensic contexts, apply radiological (usually
X-ray) surveys whenever possible. The investigation of ante-
mortem trauma and pathology in dry bone is made more dif-
ficult by the absence of soft tissue lesions that are often indica-
tive of disease. Diagnosis of conditions that affect bone, such
as osteomyelitis, tuberculosis, syphilis, rickets, arthropathies,
tumours and oral pathologies, are aided by radiographic inves-
tigations.97,114–116 Ortner117 suggests that virtual imaging such
as CT and X-ray is essential for the analysis of skeletal pale-
opathologies, in particular as a non-destructive means of
observing macroscopically unobservable lesions, gauging the
extent of visible lesions, and to survey a skeleton for non-
specific bone responses, such as Harris lines. SEM and micro-
radiographs of bone sections are also used to observe areas of
lytic activity; radiodense, mineralising osteons may indicate
bone turnover and arrest lines developed during life during
times of stress or duress.117–1203.5. Histology
Virtual technology has improved other avenues of forensic
investigations relating to skeletal identification. Micro-
computed tomography (micro-CT) is now used to enhance
the development of histological studies, enabling the identifica-
tion of physically altered bones. One such example was
recently described by Imaizumi94 who reviewed the potential
use of micro-CT for histological assessment in severely burnt
skeletal remains. Fire and heat physically alter bone structure,
thus making traditional anthropological assessment difficult;
the proposed new method of Imaizumi94 utilises micro-CT to
evaluate the surface and histology of bone in order to recon-
struct long bones for identification purposes. The results of
that study suggest that micro-CT has a considerable impact
on the ability to successfully reconstruct burnt and fragmented
remains, and that this new technology would make identifica-
tion of morphologically altered bone achievable.
Histological analysis of tooth enamel has been investigated
as a means of identifying species. Benazzi, Panetta, Fornai,
Toussaint, Gruppioni and Hublin121, used both 2D and 3D
renderings of the dentition to show that enamel thickness
could be used to distinguish between various primate species.
This established protocols for the investigation of the dentition
that has the potential to be utilised within forensic casework to
establish species, in addition to the identification of tapho-
nomic influences and dietary/cultural habits.
3.6. Population specific skeletal standards
Anthropological standards for the development of a biological
profile are most accurate when applied to the population on
which the standard was originally derived.51 This may be a
population based on geography, ethnicity, temporal proximity,
or multifactorial division. Although there are widely applied
popular methods, in a medicolegal setting it is prudent to at
least test such approaches on a subset of the population for
which biological parameters (such as age, sex and stature)
are known. This is particularly relevant when large numbers
of individuals require assessment (e.g., investigations of mass
fatalities and crimes against humanity) and the biological pro-
files are required to be as accurate as possible. It is therefore
expected that an attempt to test methods, or derive standards
appropriate to the target population, is performed by
anthropologists.
Access to contemporary collections of individuals of known
age/sex (at a minimum) is usually only possible by assessing
living or deceased individuals within a population. Skeletal
assessment can be performed using virtual modalities such as
radiography, ultrasound, or computer-tomography scanning
(see above). As living individuals are susceptible to the harmful
effects of ionising radiation (emitted by X-ray tubes in plain
and CT), dosage and exposure is limited. It is therefore
expected that research would not be the primary utility of these
modalities, rather anthropologists would be expected to access
medical images for which the priority is a clinical application.
The anthropologist is, therefore, limited: individuals with
skeletal trauma or pathology should be excluded from any pri-
mary research; complete regions (such as the pelvis and cra-
nium) may not always be included in the scan; resolution
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in this sample. Similarly there are constraints with using mor-
tuary or autopsy scans, although the radiation dosage is obvi-
ously not deleterious and often full-body scans are taken, the
demographics of this resource is skewed towards the elderly,
diseased, or individuals affected by skeletal trauma. A positive
identification is also required in order to accurately record bio-
logical parameters such as age and (depending on the degree of
soft-tissue decomposition) sex.
Regardless of this, CT is being increasingly utilised as a legit-
imate alternative to museum skeletal collections (such as the
Hamman-Todd and Spitalfields collections) traditionally used
to develop anthropological standards.122 Research has con-
firmed that virtual collections can be used in lieu of bone for
both metric and visual assessment of skeletal traits.42 Measure-
ments are statistically reliable and comparable to the original
skeletal specimen.43 Several centres of research have focused
on deriving population-specific standards from CT scans,
notably in Europe46,70,72,74,123, Australia31,32,57,75,100,112,124–131,
Japan132–135, the United States136 and India.137–140
3.6.1. Geometric morphometric analysis
To further the understanding of variation amongst or within
populations through an assessment of the evolution and/or
growth patterns of skeletal features, anthropologists can apply
geometric morphometrics (GM) to population studies. Several
publications in this field demonstrate that virtual modalities
lend themselves naturally to this application.141–148
Biologically homologous skeletal landmarks on skeletal ele-
ments have been used to calculate linear measurements, angles,
subtenses and indices since the end of the 19th 149 and early
20th centuries150–152 and continue in the modern era.153,154
The use of landmarks for geometric morphometric analysis
is comparatively recent, with Bookstein155 leading develop-
ments in statistical assessment of biological shape variation.156
Procrustes algorithms are applied to two- or three-dimensional
shapes formed by a standardised set of landmarks. Each shape
within a group is scaled around its centroid; all centroids are
superimposed, and shapes rotated to minimise the distance
between corresponding landmarks. The points selected should
allow otherwise difficult detection and visualisation of varia-
tion in biological structures between groups, such as geograph-
ically distant populations, sexual dimorphism, or age related
changes within a population.157–159 Procrustes analysis allows
size invariant shape variation to be statistically quantified.
Landmarks can be digitally acquired using a microscribe,
laser scans, and more recently CT scans of biological struc-
tures.160–163 Geometric morphometrics is thus an important
tool for developing population specific anthropological stan-
dards that require constant development and/or refinement
over time and space; particularly in relation to the ever increas-
ing mass global movements of people. As an example, Bilfeld,
Dedouit, Sans, Rousseau, Rouge and Telmon164 undertook a
geometric morphometric study of the pelvic CT scans of 95
boys and 93 girls from a French population, between the ages
of 1 to 18 years. One aim of the study was to evaluate changes
in shape and centroid size between the sexes to establish when
individuals within that population are quantifiably sexually
dimorphic; statistically significant differences were noted at
13 years of age. A further aim was to understand shape andsize change related to age using both Procrustes superimposi-
tion and centroid (size).4. Final notes and future directions
Routine collection of biological data using X-ray, CT or even
laser scanning of skeletal structures provides a permanent
repository for information that can be used as a proxy for
the traditional skeletal collection, in addition to serving to
archive and preserve extant museum collections by limiting
commingling, loss, and damage to the physical specimens.165
The virtual image can then be studied anywhere and anytime
and used in lieu of teaching collections where possible. With
routine use of virtual imaging modalities such as MDCT, the
forensic anthropologist similarly has access to a large body
of evidentiary data that is largely inaccessible through the
examination of gross skeletal material.
Although radiographic images of the skeleton (including
pathology and trauma) are often routinely taken in forensic
cases (when this option is available), CT scanning or full body
radiographic images are not usually protocol for initial triage
of cases of single individuals. Routine primary survey is, how-
ever, becoming common in mass disaster management.82,83
This affords the anthropologist not only potential for retro-
spective identification of skeletal morphology (e.g., trauma,
pathology or non-metric traits), but also the opportunity to
investigate the internal structure of bone (histology), and to
even explore the potential of facial recognition.
Standard education and professional training in forensic
anthropology generally does not include assessment of virtual
modalities, although there are courses in the modern era that
are attempting to mandate the latter. Irrespective, this poten-
tial shortfall needs to be addressed in order to avoid a genera-
tion of anthropologists who either ignore the modality
completely, or use it erroneously. It may be that a specialisa-
tion in virtual forensic anthropology will develop to fill this
gap.Funding
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